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The mitochondria of flowering plants have considerably larger and more complex genomes than the mitochondria of animals
or fungi, mostly due to recombination activities that modulate their genomic structures. These activities most probably
participate in the repair of mitochondrial DNA (mtDNA) lesions by recombination-dependent processes. Rare ectopic
recombination across short repeats generates new genomic configurations that contribute to mtDNA heteroplasmy, which
drives rapid evolution of the sequence organization of plant mtDNAs. We found that Arabidopsis thaliana RECG1, an ortholog
of the bacterial RecG translocase, is an organellar protein with multiple roles in mtDNA maintenance. RECG1 targets to
mitochondria and plastids and can complement a bacterial recG mutant that shows defects in repair and replication control.
Characterization of Arabidopsis recG1 mutants showed that RECG1 is required for recombination-dependent repair and for
suppression of ectopic recombination in mitochondria, most likely because of its role in recovery of stalled replication forks.
The analysis of alternative mitotypes present in a recG1 line and of their segregation following backcross allowed us to build
a model to explain how a new stable mtDNA configuration, compatible with normal plant development, can be generated by
stoichiometric shift.

INTRODUCTION

Vascular plants have large mitochondrial genomes, varying from
a fewhundredkilobases to severalmegabases in size (Sloanet al.,
2012) and are mostly constituted by noncoding sequences. The
actual structureof these largegenomes remainsunclear.Although
mapping and sequencing data generally produce large circular
chromosomes comprising all the genetic information of mito-
chondria, physical observation of themitochondrial DNA (mtDNA)
using electrophoretic and microscopic approaches revealed
a complex and fragmented distribution into heterogeneous
populations of circular, linear, and multibranched double- and
single-stranded molecules that apparently exist in dynamic
equilibrium (Oldenburg and Bendich, 1996; Backert et al., 1997;
Backert and Börner, 2000). Multichromosomal mitochondrial
genomes have also been found in several species of flowering
plants (Alverson et al., 2011; Sloan et al., 2012). Moreover, the
structure of plant mitochondrial genomes evolves rapidly, driven
by rearrangements that result from high rates of recombination.
This rapid evolutionof themtDNA ismanifest not just interspecies,
but also intraspecies, and significantly differentmtDNA structures
can be found in different plant accessions (Allen et al., 2007;
Arrieta-Montiel et al., 2009). On the contrary, gene sequences

evolve very slowly in most species, apart from a few significant
exceptions (Mower et al., 2007).
Our understanding of the processes that control the mainte-

nance, replication, inheritance, andevolutionof suchcomplexand
fragmentedgenomes remains limited. It ispossible that replication
of the plant mtDNA initiates by recombination-mediated pro-
cesses, as in the yeast Candida albicans (Gerhold et al., 2010).
Branched, linear, and sigma-like forms of the plant mtDNA that
havebeenobservedwouldbe intermediatesof rollingcircle and/or
recombination-dependent replication mechanisms, referring to
the model of phage T4 (Backert and Börner, 2000). However,
recombination-dependent replication does not explain how stoi-
chiometric replication and inheritance of the fragmented mitochon-
drial genome is achieved.Whether there are replication checkpoints
has not beendocumented, and it is not knownwhether replication
of the twomtDNAstrands iscoupledor independent. The former is
possible because the organellar replicative helicase has intrinsic
DNA primase activity (Diray-Arce et al., 2013).
As to the shuffling of mtDNA sequences, it is promoted by the

numerous repeated sequences present in plant mitochondrial ge-
nomes and involves (1) frequent homologous recombination (HR)
via large repeated sequences, (2) ectopic recombination involving
intermediate-size repeats (IRs), or (3) illegitimate recombination in-
volving sequence microhomologies (Maréchal and Brisson, 2010;
Gualberto et al., 2014). These recombination activities contribute to
the intrinsic heteroplasmic state of plant mitochondrial genomes, in
which alternativemitotypes coexist with the predominantmtDNA at
substoichiometric levels (Small et al., 1989; Kmiec et al., 2006). In
some conditions, one of the minor mitotypes can become pre-
dominant, bya stoichiometry shift of the relative copynumbers.This
process has been described in many different species (Small et al.,
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1989; Kanazawa et al., 1994; Chen et al., 2011) and cybrids (Sakai
and Imamura, 1992; Bellaoui et al., 1998) and can occur in the time
frame of just a few generations. It is also at the origin of cytoplasmic
male sterile varieties of agronomic interest and of corresponding
fertile revertants (Janska et al., 1998; Allen et al., 2007; Feng et al.,
2009; Matera et al., 2011). Thus, rapid evolution of the mtDNA in-
volvesrecombinationprocessesthatpromotemtDNAheteroplasmy
and sorting of the alternative mitotypes by stoichiometric shifting.

The mechanisms of mitochondrial recombination that promote
mtDNA variability have only started to be unraveled. The “raison
d’être”of these recombinationpathwaysapparently is the repairof
mtDNA lesions (Davila et al., 2011; Christensen, 2013). The re-
sponse to genotoxic stress that comes out with increased HR
between IRs is controlled by genes involved in repair, several of
which have been identified (RECA HOMOLOG3 [RECA3],
WHIRLY2 [WHY2], ORGANELLAR DNA BINDING PROTEIN1
[ODB1], and DNA POLYMERASE 1B [POL1B]). In the corre-
sponding mutants, there is reduced repair by homologous
recombination and there might be increased illegitimate re-
combination involving sequence microhomologies (Cappadocia
et al., 2010; Parent et al., 2011; Janicka et al., 2012;Miller-Messmer
et al., 2012). These illegitimate recombination events are possibly
responsible for U-turn genomic inversions that accumulate in plant
organelles and also in human mitochondria (Zampini et al., 2015).

Because of the deleterious nature of the rearrangements that
can be created by recombination processes, these are under tight
control, and undesired recombination activities are normally
suppressed. Restriction of ectopic and illegitimate mtDNA re-
combinationmight occur during replication,while rescuing stalled
replication forks, or at the postreplicative level, through dissoci-
ation of D-loops formed by strand invasion at ectopic DNA lo-
cations.The recombinationsurveillancepathwaysaredisrupted in
the mutants of several genes, such as the mutants of MUTS
HOMOLOG1 (MSH1), ORGANELLAR SINGLE-STRANDED DNA
BINDING PROTEIN1 (OSB1), RECA2, and RECA3 (Zaegel et al.,
2006; Arrieta-Montiel et al., 2009; Miller-Messmer et al., 2012). In
thesemutants, there are increased rates of ectopic recombination
involving IRs, which in later mutant generations can result in
stoichiometric shifting (Zaegel et al., 2006; Davila et al., 2011). The
studyof thesemutants advancedour understandingof the factors
that can promote mtDNA evolution by stoichiometric shifting, but
theexamples thathavebeendescribed involvedmultipleeventsof
recombination, difficult to follow individually, and the dynamics of
the shifting process leading from one predominant mtDNA
structure to another could not be understood.

For a deeper understanding of these processes, we searched
for specificDNAhelicases thatcouldplayessential roles inmtDNA
maintenance, in particular in the orientation toward error-free
recombination and replication processes. We identified the
Arabidopsis thaliana RECG1 helicase, an ortholog of bacterial
RecG.We show that RECG1hasmultiple roles inmtDNA repair by
recombination and in the suppression of ectopic recombination
events. Remarkably, whereas mutations of so far identified mi-
tochondrial recombination factors triggeredmultiple andcomplex
events of recombination, a recG1 mutation generated only two
alternative configurations of themitochondrial genomediffering in
a single locus. This convenient system allowed us to study the
dynamics of their segregation in the following generations,

a process influenced by RECG1, and to build a model for the
transition toanewstablemtDNAstructurecompatiblewithnormal
plant development by stoichiometric shift.

RESULTS

We screened the Arabidopsis genome for genes coding for candi-
date DNA helicases potentially involved in mtDNA recombination.
Because the recombination machineries of plant organelles are
partially inherited from their symbiotic ancestors, we have in par-
ticular searched for orthologsof bacterialDNAhelicaseswithknown
functions in recombination processes. Our scrutinymainly retrieved
a homologof bacterial RecG.Other prokaryotic-typeDNAhelicases
either are not encoded in plant genomes (i.e., RuvAB), have no
putative organellar targeting sequences, or have been studied al-
ready,with no hint of possible functions in organellar processes (i.e.,
RecQ-like proteins)(Knoll and Puchta, 2011). In bacteria, RecG is
a DNA translocase that can perform multiple functions, including
Holliday junction (HJ) resolution, rescuingof stalled replication forks,
modulationofRecA-promotedstrandexchange,andsuppressionof
pathological DNA replication (Vincent et al., 1996; McGlynn and
Lloyd, 2002; Rudolph et al., 2010, 2013). The RecG homolog is
encoded in all sequenced plant genomes, including vascular plants,
mosses, and algae (Supplemental Figure 1). We named the
Arabidopsis RecG RECG1.

RECG1 Is Conserved in All Plant Species and Is Targeted to
Both Mitochondria and Chloroplasts

Phylogenetic analysis shows that plant RECG1s branch together
with cyanobacterial RecGproteins, suggesting that theplant gene
was inherited from the symbiotic ancestor of the chloroplast
(Figures1A;Supplemental Figure1).A three-dimensionalmodelof
the Arabidopsis RECG1 could be generated (Figure 1B) on the
basis of the known RecG structure of Thermatoga maritima that
has been solved in complex with a replication fork analog
(Singleton et al., 2001). The RecG structure comprises three
domains, twoofwhich form the core helicasemotor. The large third
domain contains a Greek key fold that acts as a “wedge,” directing
the template strand toward the core motor and steering the second
strandsof the sidearms to facilitate their annealing. Thismechanism
can explain HJ branchmigration, regression of replication forks into
HJ, and unwinding of D-loops and R-loops, i.e., all functions that
have been proposed for RecG (McGlynn and Lloyd, 2002; Briggs
et al., 2004) and for its phage T4 functional homolog UvsW (Carles-
Kinch et al., 1997; Dudas and Kreuzer, 2001; Manosas et al., 2013).
All major domains of the plant RECG1 model perfectly match the
bacterial structure (Figure 1B), supporting the assumption that
RECG1 has the same activities as the bacterial enzyme and po-
tentially has similar functions. Notably, all plant proteins share three
additional short extensions that arenot found inbacterial sequences
(Figure 1A; Supplemental Figure 2) and that could not be accom-
modated into themodel. These extensions (of 20, 15, and 19 amino
acids, respectively, in Arabidopsis RECG1) might confer specific
characteristics to plant RECG1s.
All plant sequences present N-terminal extensions that could

correspond to organellar targeting peptides (Supplemental Figure
2), and the Arabidopsis RECG1 is predicted to be targeted to
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organelles (http://suba.plantenergy.uwa.edu.au). This assump-
tion was tested by expression of a construct encoding the
N terminus of RECG1 fused to eGFP. Subcellular localization of
the fusion protein was analyzed both in transfected Nicotiana
benthamiana leaf cells and in stable Arabidopsis transformants,
and in both systems the protein was found in chloroplasts and in
mitochondria (Figure 1C), implying that RECG1 is an additional
example of a dually targeted organellar protein. Recently, the
Physcomitrella patens ortholog of Arabidopsis RECG1 was de-
scribedandshownaswell tobe targeted tobothmitochondria and
chloroplasts (Odahara et al., 2015).

Expression ofRECG1 during plant development was studied in
Arabidopsis lines stably transformed with the b-glucuronidase
gene under the control of the RECG1 promoter. The consensus
observation from several independent transformants was that the
RECG1 promoter was active at all developmental stages and in
most tissues, including shoots of young plants, root tips, and
secondary root primordia. High expression was observed in the

vascular tissues of leaves and roots (Figure 1D). Inmature flowers,
b-glucuronidase was present in sepals and in stamen filaments,
but not in pollen, ovules, or developing seeds.

RECG1 Partially Complements Bacterial RecG

TheabilityofplantRECG1tocomplementEscherichiacoliRecG in
repair of UV-C-induced DNA lesions was tested, as described in
Methods. UV-C promotes formation of pyrimidine dimers that
block the replication fork and induce repair mechanisms in which
RecG is implicated (Meddows et al., 2004). After UV-C irradiation,
the ΔrecG strain presented a 30-fold decrease in survival, as
described before (Lloyd, 1991). Expression of the plant RECG1
significantly increased the survival rate of ΔrecG upon UV expo-
sure (Figure 2A).When bacteriawere irradiatedwith up to 20 J/m2 of
UV-C, the survival of complemented mutant cells increased by
a factor of 15-fold compared with the noncomplemented mutant,
reachinghalf of thesurvival rateofwild-typebacteria.Wealso tested

Figure 1. A RecG Protein Is Present in the Organelles of Plants.

(A) Detail of the RecG phylogenetic tree supporting that plant RecGs derive from a cyanobacterial ancestor. Bootstrap values are indicated.
(B)Model of theArabidopsis RECG1protein superposedon the known structure ofT.maritimaRecG (in gray) bound to aDNAsubstratemimicking a stalled
replication fork (Singleton et al., 2001). The largeN-terminal domain is in purple,with thewedgedomain in yellow. The twohelicasedomains are in green and
light blue, with complexed ADP andMg2+ (green ball). The three sequences specific to plant RecGs (see alignment in Supplemental Figure 2) could not be
modeled and are shown in red.
(C) Transient expression of the RECG1-GFP construction in N. benthamiana leaf epidermal cells showing dual targeting of RECG1. Chloroplasts and
mitochondria are identified by the fluorescence of the chlorophyll and by coexpression of a CoxIV-dsRED construct, respectively.
(D)WidespreadexpressionofRECG1 inArabidopsis, according topromoter-GUS fusionatdifferentdevelopmental stages. From left to right, 3-d-oldand7-
d-old seedlings, rosette and cauline leaves, roots, flowers, and anthers.
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whether the Arabidopsis RECG1 could complement a deficiency in
RuvAB because both RecG and RuvAB are translocases that drive
branch migration and have been described as either partially re-
dundantorcomplementary in theresolutionofHJ (Zhangetal.,2010;
Mawer and Leach, 2014). In contrast to ΔrecG, the ΔruvAmutation
could not be rescued by RECG1 (Figure 2A). Thus, despite the
absence of RuvAB in plant organelles, RECG1 has not acquired
RuvAB-like functions during evolution and apparently has similar
specificity in DNA repair as bacterial RecG.

In addition to its function in DNA repair, bacterial RecG has
recently been assigned as a guardian of the bacterial genome that
prevents pathological re-initiation of DNA replication (Rudolph
etal., 2013). InE.coli, genomereplication initiatesbidirectionallyat
theOriC region and proceeds around the circular genome in both
directions. Therefore, inwild-type exponentially growing bacteria,
amaximum in copy number is found for the sequences around the
OriC region and aminimum for the region between the termination
sequences TerA and TerB (Figure 2B). In the absence of RecG,
replication can reinitiate where forks collide by a process that
depends on recombination functions (Rudolph et al., 2013). We
tested the ability of RECG1 to prevent replication reinitiation by
quantifying the relative copy number of the YdcR gene located
equidistantly between TerA and TerB, as described inMethods. It
was found that in ΔrecG there was indeed a significant increase in
YdcR copy number compared with the wild type (Figure 2B), in-
dicating replication restart in the termination zone and confirming
published results (Rudolph et al., 2013). When RECG1 was ex-
pressed in theΔrecGmutant, thiseffectwas reduced,althoughnot
abolished, showing that RECG1 can partially replace bacterial
recG in the suppression of uncontrolled replication reinitiation.
This result also suggests that RECG1 might be necessary for
stoichiometric replication of the plant organellar genomes.

Finally, we tested whether RECG1, like RecG, is able to dis-
sociate R-loops, and as a consequence inhibit the replication of
plasmids containing ColE1 replicons (Vincent et al., 1996). Rep-
licationof theseplasmids isprimedbyashortRNAexpressed from
the replicationorigin (Dasgupta et al., 1987). Thewild-type,ΔrecG,
and ΔrecG RECG1+ strains were transformed with ColE1-based
plasmids (pBAD/Thio or pUC18) whose relative copy numbers in
exponentially growing cultures were compared with the copy
numbers in saturated precultures. In nonselective growth con-
ditions, a3-fold lowercopynumberof theplasmidswas retained in
the complemented strain compared with the ΔrecG strain, com-
parable to the relative copy numbers found in the wild-type strain.
This result indicated that expression of RECG1 inhibited the
replication of ColE1-based replicons (Figure 2C).

Arabidopsis Plants Deficient in RECG1 Have Reduced
Recombination-Dependent mtDNA Repair

Fromasearchof theavailable T-DNA insertionmutant collections,
only two confirmed recG1 lines were obtained (Figure 3A), one in
accession Col-0 containing an insertion in the 59-untranslated
region (UTR) of RECG1 (recG1-1) and a second one in accession
Wassilewskija (Ws)containingaT-DNA insertion in the lastbutone
exon (recG1-2). The insertion in recG1-2 results in the loss of the
last 126 codons, part of which encode a highly conserved helical
hairpin motif essential for helicase activity (Mahdi et al., 2003).

Quantification by RT-qPCR showed that both lines have a sig-
nificant decrease inRECG1 transcript, of about 5-fold (Figure 3B).
Immunoblot analysis with a specific antibody against RECG1
showed that recG1-1 is a hypomorphic mutant that has a signif-
icant reduction in RECG1 protein, while recG1-2 is a knockout in
which the protein is no longer detected (Figure 3C). Under normal
growth conditions, both recG1-1 and recG1-2 plants were
indistinguishable from wild-type plants.
In bacteria, RecG is required for recombination-dependent DNA

repair (Lloyd and Buckman, 1991), and the above assays suggest
that RECG1 can complement this function. To test whether RECG1
plays a similar role in plantmitochondria, the growth of recG1-1 and
recG1-2 seedlings was examined under genotoxic stress, more
specifically under exposure to ciprofloxacin (CIP). CIP is an inhibitor
ofgyrase, anenzymethat inplants isactive inbothmitochondriaand
chloroplasts but not in the nucleus (Wall et al., 2004). Gyrase in-
hibitionbyCIPpromotesdouble-strandbreaks (DSBs), andmutants
for genes involved in organellar HR-dependent repair are more
sensitive to CIP than the wild type (Cappadocia et al., 2010; Rowan
et al., 2010; Parent et al., 2011; Janicka et al., 2012; Miller-Messmer
et al., 2012; Lepageet al., 2013).Seedlingsof recG1-1, recG1-2, and
of the corresponding wild-type lines were grown in the presence of
CIP, and theability todevelopnormalfirst true leaveswasscored, as
previously described (Parent et al., 2011; Miller-Messmer et al.,
2012). The Col-0 and Ws wild-type accessions were differentially
sensitive to CIP, with Ws slightly more sensitive than Col-0: At 0.75
µMCIP,;20% of the Col-0 plants still developed first leaves while
virtually none of the Ws seedlings did (Figure 4A). Regarding the
mutant lines, both recG1-1and recG1-2were slightlymore sensitive
than the corresponding wild-type accessions, with fewer mutant
seedlings developing true first leaves (Figures 4A and 4B).
Repair by recombination ofmtDNADSBs is also correlated to the

molecular phenotype of increased ectopic recombination across IR
sequences. This response is reduced in severalmutants impaired in
HR-dependent repair (Janicka et al., 2012; Miller-Messmer et al.,
2012). Therefore, the levels of ectopic recombination acrossmtDNA
IRs were also compared between CIP-treated and untreated
seedlings, for wild-type and recG1 lines (Figures 4C and 4D). The
sequence and organization of the mtDNA are known for Col-0 (ac-
cessionJF729201)butnot forWs.Tocomparethetwo recG1mutant
alleles,whichhavedifferent geneticbackgrounds,wefirst tested the
mtDNA of the Ws accession for the presence of IRs that are also
contained in theCol-0mitochondrial genome.We found that few IRs
previously described as involved in ectopic recombination in Col-0
mitochondria are conserved in theWsmtDNA (Supplemental Figure
3).We analyzed the ectopic recombination involving repeatsD, L, X,
and EE, according to the nomenclature of the published mtDNA of
Col-0. Sequence L could not be tested in recG1-2 because it is not
repeated in the mtDNA of Ws. In the two wild-type accessions,
upon CIP exposure there was a significant increase in ectopic re-
combination involving all repeats tested, as previously described
(Miller-Messmer et al., 2012). The recombination was in all cases
asymmetric, with one of the crossover products preferentially in-
creased compared with the reciprocal one (Figure 4D). The mag-
nitude of the increase varied significantly depending on the repeat
and the Arabidopsis wild-type accession: In the case of repeat X,
there was only a slight increase in Ws plants of crossover product
X-2/1,while the increaseof thesamesequencewas10-foldhigher in
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Col-0 plants. In the case of crossover product EE-2/1, the increase
wasmore than 1000-fold in CIP-treated Col-0 plants, but only;50-
fold inWs.Thesedifferencesdonotcorrelatewith repeatsize,butare
probably related to the genomic context. But in all cases, the CIP-
induced increase in crossover products was significantly lower in
bothmutant recG1 lines.These results imply that reductionor lossof
RECG1 expression impairs recombination-dependent repair of
DSBs in the mtDNA.

We also tested whether RECG1 takes part in chloroplastic
recombination-dependent repair. In contrast to the mtDNA, the
chloroplast DNA (cpDNA) of Arabidopsis is not rich in IRs whose
recombination can be used to monitor HR-dependent repair. We
identifiedasingle imperfect repeat (76bp, 92% identity) amenable
to qPCR analysis (a repeat that we named R2, coordinates
38705:38780 and 40929:41004 on the published cpDNA of

Arabidopsis). We found that CIP-treated wild-type plants accu-
mulated high levels of a crossover product from repeat R2,
confirming that recombination involving this repeat is a good
sensor of HR-dependent DSB repair in the Arabidopsis chloro-
plast (Figure 4E). However, recG1 mutants displayed a similar
responsewithnoor littlequantitativedifferencecomparedwith the
wild type, suggesting thatRECG1 is not essential for chloroplastic
repair of DSBs.

RECG1 Participates in the Surveillance of
mtDNA Recombination

Several Arabidopsis mutants described as affected in re-
combinationsurveillance (msh1,osb1, recA2, and recA3) showed,
in normal growth conditions, increased ectopic recombination of

Figure 2. Arabidopsis RECG1 Partially Complements RecG Deficiency in Bacteria.

(A)Partial complementationofE.coliΔrecGbutnotofΔruvA in the repair ofUV-C induceddamage. JM103 (WT), JM103 recG::kan (DrecG), andJM103 ruvA::
Tc (ΔruvA) transformed with the pACYClacz empty vector were used as control strains and compared with the ones transformed with pACYClacz:RECG1.
RecombinantRECG1expressionwas inducedwith IPTGprior to treatmentwithUV-C,asdescribed inMethods, andcontrolledby immunodetectionwith the
RECG1antibody (on the upper right of the graphics, +/2 IPTG). Results aremeans from two independent experiments, with three technical replicates each,
and are represented on a logarithmic scale.
(B)Complementation of ΔrecG by RECG1 in the suppression of pathologic replication reinitiation. The sequences TerA, TerB, and YdcRwere quantified in
growing cultures and the levelswere comparedwith those in the corresponding saturated cultures. The relative positions in theE. coli chromosome and the
divergent replication from OriC are shown in the scheme. Results correspond to five independent experiments 6 SD. Asterisks show the statistical
significance (unpaired t test; **P < 0.01, ***P < 0.001).
(C)EffectofRECG1expressiononthe replicationofplasmids (pBAD/ThioandpUC18)containingaColE1 replicationorigin.Resultswerenormalizedagainst
the bacterial chromosome (TerA sequence).

Roles of RECG1 in mtDNA Maintenance 2911



the mtDNA across IRs (Zaegel et al., 2006; Shedge et al., 2007;
Miller-Messmer et al., 2012). In these mutants, without any
genotoxic treatment there is already a constitutive increase in
error-prone recombination activities. The recG1 mutants were
thus tested for suchamolecularphenotype.The IRsD,F,X,andEE
that are conserved in the mtDNA of both Col-0 and Ws
(Supplemental Figure 3) were selected for qPCR analysis of the
accumulation of crossover products, as previously described
(Miller-Messmer et al., 2012). A significant increase in crossover
products compared with wild-type levels was observed in both
mutants (Figure 5A). The most important effects were in recG1-2
KO plants, which for certain repeats showed an increase in
crossover products one order of magnitude higher than in the
hypomorphic recG1-1 mutant. Recombination in recG1 plants
resulted either in equivalent accumulation of both reciprocal
products (as for repeats D, F, and EE) or in asymmetrical accu-
mulation ofmainly one of the twoproducts (as for repeat X). As the
ectopic recombination induced by CIP treatment, depending on
the repeats therewere remarkable quantitative differences (Figure
5A). In particular, crossover products from the recombination
involving repeats EE increased;1000-fold in recG1-2 compared
with wild-type plants. To test whether loss of RECG1 also affects
surveillance of recombination in the chloroplast, wemonitored the
ectopic recombination involving repeat R2.We found that RECG1
had little or no effect on the recombination involving this chlo-
roplast repeat (Figure 5B). This suggests that RECG1 has no
significant roles in the surveillance of recombination in the chlo-
roplast, contrarily to its function in mitochondria.

It hasbeendescribed that severalmutantsaffected inorganellar
genome recombination surveillance or in repair by recombination

can display visible phenotypes of reduced growth, distorted
leaves, variegation, and reduced fertility, but with low penetrance
or only in late mutant generations (Zaegel et al., 2006; Maréchal
and Brisson, 2010; Davila et al., 2011). However, no such phe-
notypes were observed in homozygous recG1 plants of gen-
erations up to T5.We screened the development ofmore than 100
individual T5 mutant plants from the recG1-2 knockout line, but
none showed an altered visible phenotype.

Increased Recombination in RECG1 Knockout Plants
Causes Segregation of a Small Crossover Product That
Replicates Autonomously

To test the effect of increased recombination in recG1mutants on
the relative copy number and segregation of the different mtDNA
regions, thecompletemtDNAwasscannedbyqPCRusingasetof
primer pairs spaced 5 to 10 kb apart (Figure 6A). The published
Arabidopsis Col-0mtDNAsequencewas taken as a reference. No
significant changes in the relative copy number of the different
regions were detected in the recG1-1 hypomorphic line, con-
sistent with the partial reduction in RECG1 and the mild effect on
ectopic recombination. However, in the recG1-2 knockout, the
specific amplification of anmtDNA discrete region was observed.
Amplificationwasbya factor ranging from4 to8,dependingon the
pool of plants analyzed, and it was seen in all independent first
generation homozygoteplants tested.Adetailed analysis showed
that this stoichiometry change corresponded to the 8.0-kb region
flanked by the 127-bp-long EE repeats (Figure 6B). This region
contains the ATP1 gene, coding for subunit alpha of the mito-
chondrial ATP synthase. The increase in copy number of this
sequence resulted from the massive increase in crossover
productsEE-1/2andEE-2/1comparedwith thewild type (Figure5)
and was accompanied by a decrease of about 2-fold in the pa-
rental sequences EE-1/1 and EE-2/2 (Figures 5 and 6B). From this
result, it was inferred that in recG1-2, recombination involving
repeats EE produced an alternative form of the mitochondrial
genome that coexists with the wild-type mtDNA. It consists in the
deleted mtDNA sequence without the region between the EE
repeats (EE-1/2 configuration; Figure 6D) plus an episome com-
prising ATP1 (EE-2/1 configuration). Moreover, the EE-2/1 form
waspresent at a significantly higher copynumber, suggesting that
once generated through recombination it is replicated autono-
mously and faster than the main genome.
Upon DNA gel blot analysis, an extra band that could corre-

spond to the EE-2/1 circular episome was detected in non-
digested DNAof recG1-2, in addition to the bulk of highmolecular
weight mtDNA (Figure 6C). As expected, this form was not de-
tected with a probe hybridizing upstream of EE-1/1. Surprisingly,
according to the signal intensities, the putative circular episome
seemed to exist at a lower copy number than the high molecular
weight mtDNA. Conversely, after restriction, the 2.7-kb BamHI
fragment specific of EE-2/1 was at least 4-fold more abundant
than the wild-type-specific fragment of 7.7 kb according to
phosphor imager quantification (Figure 6C), which was in
agreement with the above qPCR results. This suggests that
amplificationof the recombination-generatedEE-2/1circular form
produces highmolecularweightDNA. It could be catenated forms
of the replicating episome or tandem-repeated concatemer

Figure 3. Arabidopsis recG1 Lines.

(A) Schematic representation of the Arabidopsis RECG1 gene. Coding
sequences are in black and 59- and 39-UTRs are in gray. The position of the
T-DNA insertions in the mutant lines is shown, with arrows indicating the
orientation of the left border.
(B) RT-qPCR relative quantification of the RECG1 transcript in the mutant
lines.
(C) Immunodetection ofRECG1 in total inflorescence extracts. Coomassie
blue staining of the membrane is shown as a loading control. A protein of
;110 kD is detected in extracts from wild-type plants, in agreement with
the predicted size of 108 kD. The protein is reduced in recG1-1 and absent
in recG1-2.
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Figure 4. The recG1 Mutants Are More Sensitive to Genotoxic Treatment and Are Deficient in HR-Dependent Repair of DSBs Induced by CIP.

(A) Percentage of plants developing normal first true leaves at the indicated concentrations of CIP. The number of plants analyzed is indicated under the
graphs. Asterisks show statistical significance (unpaired t test; P < 0.05).
(B)Phenotypes of plants grown on agar plates containing the indicated concentrations of CIP.Most recG1 plants did not develop normal first true leaves at
CIP concentrations that had a mild effect on the wild type.
(C)Schemeof theqPCRrelativequantificationofparental sequences1/1and2/2 that compriseasame repeatedsequence (boxR)andof thecorresponding
crossover products 1/2 and 2/1 using combinations of forward (F) and reverse (R) primers.
(D)Analysis of the accumulation of crossover products inCIP-treatedwild-typeCol-0, recG1-1, wild-typeWs, and recG1-2plants. qPCR results for repeats
were normalized against themitochondrialCOX2andRRN18gene sequences.Results are themeanof twoor three independent experiments, as indicated,
and error bars correspond to SD values. The repair of DSBs induced by CIP in the mtDNA results in increased mobilization of IRs and concomitant ac-
cumulation of crossover products. This effect is strongly impaired in recG1 plants.
(E) Accumulation of crossover products from chloroplast repeat R2, showing no significant effect of RECG1 in the repair of DSBs induced by CIP in the
cpDNA. Results were normalized against the chloroplastic RRN16 gene sequence.

Roles of RECG1 in mtDNA Maintenance 2913



sequences generated by “rolling circle” replication, a process that
has been proposed to occur in plant mitochondria (Backert et al.,
1996). To confirm that the putative episome is indeed a circular
molecule, itwasdigestedwithPacI, anenzyme that cutsonlyonce
in the sequence and resolved on low percentage agarose gels
(Figure6C).PacI digestionconverted themolecular formmigrating
at an apparent size of 10 kb, which could correspond to a circular
nicked molecule, into the expected linear fragment of 8 kb. Be-
cause the EE-2/1 recombination product contains ATP1, we
checked whether its amplification results in increased expression
of thisgene. Indeed,a3-fold increase inATP1 transcriptwas found
in recG1-2, while no such increasewas observed for othermtDNA
gene transcripts (Figure 6E).

The cpDNA of recG1-1 and recG1-2 was likewise scanned for
changes in sequence stoichiometry. No changes were detected
between the mutants and corresponding wild-type accessions,
apart from a slight general increase in cpDNA copy number
(Supplemental Figure 4). Thus, loss of RECG1 does not seem to
significantly affect the stoichiometric replication and segregation
of the cpDNA in Arabidopsis.

RECG1 Works Synergistically with RECA3 in the
Maintenance of mtDNA Stability

Acomparison between themolecular effects observed inmutants
of factors involved inmtDNA recombination suggests thatRECG1
acts in the same pathways as themitochondrial RecA-like protein
RECA3. Both recG1 (this work) and recA3 (Miller-Messmer et al.,

2012) mutants show increased ectopic recombination involving
IRs in nonselective conditions, as well as reduced HR-dependent
repair of CIP-induced mtDNA breaks. In contrast, other mutants
described as involved in recombination surveillance and/or repair
in plant mitochondria either are only affected in repair of induced
DNA lesions (i.e.,odb1,why2, andpol1B; Cappadocia et al., 2010;
Parent et al., 2011; Janicka et al., 2012) or show only increased
ectopic recombination in normal growth conditions (i.e., osb1;
Zaegel et al., 2006). We tested the effect of the double mutation
recG1-1 recA3-2 (bothmutations in the Col-0 background) on the
maintenance of the ArabidopsismtDNA.While the parental plants
used for reciprocal crossing had no visible developmental phe-
notypes, the homozygous F2 doublemutants were all affected, to
different extents, by slow growth, deformed and variegated
leaves, and partial or complete sterility (Figure 7A). We scanned
individual plants for changes in the stoichiometry of the different
mtDNA regions, as described above. All recG1-1 recA3-2 plants
testedshowedsubstantial changes in thestoichiometryofmtDNA
sequences compared with wild-type plants (Figure 7B). An in-
crease in copy number of large regions was mainly observed that
could be as high as 12-fold in some cases (e.g., plant #6). The
mtDNA sequences affected and the magnitude of the changes
varied from plant to plant, however, with an involvement of
common specific regions. Several of the observed events of
stoichiometric shift couldbeexplainedby thesameprocessas the
one involving the EE repeats in recG1-2: a looping out of sub-
genomic regions by recombination across directly oriented IRs,
followed by their autonomous replication. The increase of the EE
repeat regionswasalsoobserved in several plants, although it had
not been seen in the hypomorphic recG1-1 single mutant. Thus,
reduction in RECG1 has a synergistic effect with the recA3 mu-
tation, leading to thegenerationby recombination of subgenomes
whose replication is apparently not coordinated in thesemutants.

Backcrossing Elicits Segregation of the Alternative
mtDNA Forms

We have found that in recG1-2 there is coexistence of two alter-
native mtDNA configurations interconvertible through a single re-
combination event involving the EE repeat. These are the wild-type
mtDNA containing the EE-1/1-EE-2/2 region and the alternative
mitotype comprising themtDNA deprived of the EE region (EE-1/2)
plus the EE-2/1 episome (Figure 6D). The simplicity of this genomic
configuration makes it a convenient model to study the mecha-
nisms and dynamics ofmtDNA evolution by stoichiometric shifting
and todeterminehowRECG1canaffect theseprocesses. For such
studies, we first analyzed the stability of the different genomic
environments and their possible segregation in the wild-type and
recG1-2 populations. We found that the ratios between the main
genome sequences and crossover products EE-1/2 and EE-2/1
were very well conserved among individual wild-type plants (Figure
8A), confirming the tight control that exists onmtDNA recombination.
Next, we tested whether the coexistence of the alternative

mitotypes was stable in the recG1-2 line. All first homozygous
mutant plants that were tested had the molecular phenotype of
increased copy number of the EE-2/1 sequence. In the progeny of
one of these plants, we tested the possible segregation of the
different EE configurations. More than 100 plants from generation

Figure 5. recG1 Mutants Have Increased Ectopic Recombination across
Mitochondrial Intermediate Size Repeats.

(A) As described in Figure 4C, quantification of the accumulation of
crossover products frommitochondrial repeats D, F, X, and EE in recG1-1
and recG1-2 relative to the corresponding Col-0 and Ws wild-type ac-
cessions. Results are in a log2 scale.
(B) As in (A), for chloroplastic repeat R2.
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T5were testedby competitive PCR, but in noneof these plantswe
found evidence for differential segregation of the alternative mi-
totypes. From these plants, 42 were further analyzed by qPCR,
which confirmed that the ratios between the alternative EE se-
quences were relatively stable in the recG1-2 background (Figure
8A). These results contrast with the data obtained for other
Arabidopsis mutants affected in mtDNA recombination surveil-
lance, includingosb1andmsh1, forwhich shifts inmtDNAstructure
couldbeobservedbetween individuals in themutantpopulation, as
well as segregation of plants developing specific phenotypes ag-
gravated in late mutant generations (Zaegel et al., 2006; Shedge
et al., 2007; Davila et al., 2011).

Wenext verifiedwhether reintroduction of theRECG1 allele could
promote reversion to the wild-type mtDNA stoichiometry. The
recG1-2mutantwasbackcrossedwithwild-typeWsaspollendonor
and F1 plants were analyzed. Surprisingly, among the F1 plants,
;20% displayed characteristic phenotypes of leaf distortion, var-
iegation, slow growth, and reduced fertility (Figure 8B). These
phenotypes were similar to the ones observed in the recG1-1
recA3-3 plants and in other mutants affected in mtDNA re-
combination surveillance.Quantification of the EEparental genomic
sequences and crossover products in the individual F1 plants re-
vealed that all had undertaken sorting of the alternative genomes

(Figure 8C). These results were reproduced in two independent
backcross experiments. Among 76 F1 plants analyzed, one-third
(26/76) had drastically reduced copy numbers of the recombined
genomicsequences (deletedmtDNAsequenceEE-1/2andepisome
EE-2/1), whilemaintainingwild-type levels of the parental sequence
EE-1/1-EE-2/2. An additional third of the plants (22/76) had in-
termediate levels of mtDNA reversion, with normal EE-1/1-EE-2/2
copy numbers and significant reduction of EE-1/2 and/or EE-2/1.
The recombined genomic sequences showed a differential segre-
gation inmanyplants,whichconfirmedthat theywerenotgenetically
linked. The loss of EE-2/1 in revertants was thus not necessarily
through recombination with EE-1/2, which should result in stoi-
chiometric reduction of both sequences, but rather occurred by
suppression of its replication or transmission.
The analysis of the F1 plants displaying variegated phenotypes

showed that most had asymmetrically segregated the alternative
EE sequences (Figure 8C), with simultaneous reduction of the two
configurations carrying the ATP1 gene (EE-1/1-EE-2/2 and epi-
some EE-2/1). This suggested that the observed phenotype re-
sulted from a reduction in ATP1 expression. Indeed, the reduction
in copy number of the ATP1 gene was confirmed in all variegated
plants tested (Figure 9A). Moreover, quantification of ATP1 in
different leavesofachimericplant containingbothnormal-looking

Figure 6. Recombination-Mediated Segregation of a Small Replisome Containing the ATP1 Gene in the recG1-2 Knockout.

(A) Scanning of the mtDNA for changes in relative copy numbers of the different mtDNA regions. Sequences spaced 5 to 10 kb apart on the mtDNA were
quantified by qPCR on recG1 mutants and corresponding wild-type accessions. Results are the mean and SD values from three biological replicates.
Coordinates are those of the published Col-0 mtDNA sequence.
(B)Detailedanalysis of the regionamplified in recG1-2, usingprobesspaced1kbapart andprimers that specifically amplify repeatedsequencesEE-1/1and
EE-2/2.
(C)DNAgel blot hybridization ofwild-type andmutantDNA from inflorescenceswith probes external (1) and internal (2) to the amplified region. The ethidium
bromide-stained uncut DNA is shown as loading control.
(D) Schematic interpretation of the results of (C).BamHI andPacI sites are indicated and the relevant restriction fragments are color-coded. The thick lines
labeled 1 and 2 indicate the sequences used as probes. Recombination involving direct repeats EE produces an alternative genome deleted of the region
comprising ATP1 and a circular sequence containing ATP1 that is autonomously replicated and amplified in the recG1-2 line. A red asterisk indicates the
signal corresponding to the EE-2/1 episome in uncut DNA. PacI digestion showed that it is a circular molecule.
(E) Increased accumulation of ATP1 transcripts correlates with the increased gene copy number. The transcripts of several mtDNA-encoded genes
including ATP1 were quantified by RT-qPCR. Two different ATP1 sequences from the 59 and 39 parts of the gene were tested.
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and variegated leaves (plant F1-51; Figure 8B) confirmed that the
severity of the phenotype correlated with the reduction in ATP1
(Figure 9A). The decrease in gene copy number also correlated
with a significant reduction of the ATP1 transcript (Figure 9B).
Detection of the ATP1protein in immunoblots of total leaf extracts
showed that the recG1-2 mutant had normal or slightly higher
amountsofATP1but that theproteinwassignificantly reduced,by
a factor of 2-fold, in the variegated plant F1-55 (Figure 9C). The
limited reduction in protein comparedwith the dramatic reduction
in gene transcript is possibly the result of the differential turnover
rates. Therefore, the variegated phenotype apparently resulted
fromclonal asymmetrical segregationof thealternativemitotypes,
with a compromised oxidative phosphorylation in tissues in-
heriting below-threshold levels of ATP1. To confirm this hy-
pothesis, we measured the respiration capacity of normal and
severely affected variegated leaves, of equivalent size andweight.
We did indeed find that the affected tissues had much reduced
respiration rates compared with normal leaves (Figure 9D).

Remarkably, among the F1plants, a significant proportion (14/76)
displayed completely shifted mtDNA genomes, having almost
completely lost the wild-type genome (EE-1/1-EE-2/2) and re-
tained the recombined formsEE-1/2andEE-2/1. Theseplantshad
a new near-homoplasmic mtDNA and were phenotypically in-
distinguishable fromwild-typeplants.Hybridization toundigested
DNA showed that the fast-migrating mtDNA form (the EE-2/1
episome) was lost in the F1 shifted plants (Figure 10A). The high
molecular weight EE-2/1 configuration that was retained either
corresponded to a head-to-tail concatemeric autonomous re-
plicon or resulted froma reintegration of the EE-2/1 sequence into
a new locus of the main genome. The latter hypothesis was
confirmed by DNA restriction analysis, as well as by qPCR (Figure
10). According to these experiments, the EE-2/1 sequence re-
integrated the genome through recombination involving the re-
peated sequence T, which is present just upstreamofATP1 and is
repeated elsewhere in the mtDNA (sequences T-1/1 and T2/2
respectively; Figure 10B). The product of this secondary

Figure 7. Synergistic Effect of recG1 on recA3.

Knockdown of RECG1 potentiates the recA3 mutation, which results in plants that segregate different mitotypes resulting from recombination.
(A)Variable severity of thephenotypesdevelopedby recG1-1 recA3-2doublemutants. Theplant on the right illustrates aseverephenotypeofdwarfism, leaf
distortion, variegation, and sterility.
(B)Changes in the copy number and stoichiometry of mtDNA sequences in individual recG1-1 recA3-2 plants. ThemtDNAwas scanned for differences in
copy number asdescribed in Figure 6A. The linear representation of theCol-0mtDNA is displayedbelow thegraphics,with the coordinates in kilobases and
the two pairs of large repeated sequences LR1 and LR2. Colored regions indicate sequenceswhose increase or decrease can be explained by the loop-out
of subgenomes by recombination involving the indicated direct repeats, followed by their autonomous replication and/or segregation.
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recombination event is already present in homozygous recG1-2
plants, giving a 5.4-kb diagnostic SpeI restriction fragment hy-
bridizing with the ATP1 internal probe (Figure 10A). This modified
genomewas preferentially segregated in the shifted plants, to the
detriment of the wild-type mtDNA, which was virtually lost. The
qPCR analysis supports this interpretation, showing a 9-fold in-
crease of the T-1/2 and T2/1 recombined forms in shifted plant
compared with homozygous recG1-2 plants, with a correspond-
ing loss of the T-1/1 and T-2/2 wild-type sequences (Figure 10C).
Thus, our analysis shows that in recG1-2 F1 plants, there was
a differential segregation of three alternative mitotypes that were
already present in the homozygous mutant: (1) the wild-type
mtDNA, (2) the mitotype subdividing into the EE-1/2 form and the
EE-2/1 episome, and (3) the mtDNA resulting from the re-
integration of EE-2/1 into the main mtDNA by a secondary re-
combination event involving repeats T-1/1 and T-2/2.

Finally, analysis of the F2 generation of the shifted plants
showed that the mtDNA remained stable in all RECG1:recG1-2
andRECG1:RECG1plants,with no further changes in the ratios of
the EE-containing configurations (Figure 10D). However, in all F2
recG1:recG1 homozygous plants (13 plants analyzed), there was

a remarkable reincrease of the parental EE-1/1-EE-2/2 sequence,
by a factor of ;100-fold. Thus, in these plants, a new cycle of
mtDNAchangesby recombinationwasagainelicitedby the lossof
RECG1.

DISCUSSION

Multiple Activities of RecG-Like Proteins

Our results show that RECG1 acts at multiple stages of mtDNA
maintenance, both in recombination-dependent repair and in the
surveillance of recombination activities that compromise the in-
tegrity of the organellar genomes. In addition, characterizing the
segregationof themitotypescoexisting in recG1plantsallowedus
to address the mechanisms underlying mtDNA stoichiometric
shifting and to better understand how these can lead to stable
novel mtDNA configurations.
According to our computermodeling, theplantRECG1appears

to be structurally homologous to bacterial RecG, which suggests
that it sharessimilar activities. This is supportedby theabilityof the

Figure 8. Backcross Triggers Genomic Shift Involving EE Repeats.

The stable mtDNA structure found in recG1-2 knockout plants (Figure 6D) is destabilized by reintroduction of the RECG1 allele by backcross, resulting in
segregation of plants with different mitotypes.
(A)Stable ratiosof thesequencesderived fromrepeatsEE inwild-typeand recG1-2plants.Thevalueswerecomparedwithasame individualwild-typeplant.
(B) Examples of F1 plants from backcross presenting phenotypes of leaf variegation and distortion.
(C)Analysisof theEEconfigurations, as inFigure5, in76 individual F1plants.Greenasterisks indicateplantsdisplaying thevariegationphenotypesshown in
(B). Revertants are plants that have significant reduction in the EE-2/1 subgenome containing sequence. Shifted plants are the ones that retain the EE-1/2
and EE-2/1 subgenomes and have nearly lost the EE-1/1 and EE-2/2 parental sequence.
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plant sequence to replace the bacterial protein in all functional
tests that we performed. One can speculate that the few extra
sequences that are present in RECG1 might modulate plant-
specific interactions and probably do not change the overall
modular organization of the protein and its activity. Thus, RECG1
possibly has similar functions in plant organelles as RecG in
bacteria.

Bacterial RecG has multiple roles in DNA metabolism and can
target a plethora of different nucleic acid structures, including
replication forks,HJs,D-loops, andR-loops (Supplemental Figure
5). RecG is associatedwith later stages of repair by recombination
because of its ability to catalyze branchmigration of HJs, as does
RuvAB. But RecG is not redundant with RuvAB, since it has no
associated nuclease activity that could resolve HJs, whereas
RuvAB recruits theRuvCnuclease (Zhang et al., 2010). Analysis of
recombination intermediates also revealed independent effects of
ruvAB and recG mutations in the resolution of HJs (Mawer and
Leach, 2014). As RecG in bacteria, in plant organelles, RECG1
should be able to translocate HJs and have major roles in their
resolution. But in plants there are no orthologs of RuvABC, which
conversely suggests that plant RECG1 can take over RuvAB
functions. However, we found that RECG1 cannot complement

ruvAB in bacteria, and functional homologs that act in the nucleus
such as the RAD54 translocase and the GEN1 and SEND1 re-
solvases are apparently not targeted to organelles (Osakabeet al.,
2006; Bauknecht and Kobbe, 2014). RECG1 should then perform
in cooperation with a not yet identified resolvase. Alternatively,
RECG1 alone might be able to eliminate HJs, simply by driving
branchmigration till theymergewith replication forks, as has been
suggested for bacterial RecG (Wardrope et al., 2009).
An additional major function of bacterial RecG is the suppression

of replication initiation, associated with its ability to dissociate R-
loops and D-loops. This allows RecG to repress replication of
plasmids that require anRNAprimer for replication initiation (Vincent
et al., 1996; Fukuoh et al., 1997) and to suppress potentially path-
ological replication reinitiation, such aswhen converging replication
forksmeet (Rudolphetal.,2010,2013).Ourcomplementation results
demonstrated that plant RECG1 can ensure such functions in
bacteria,whichsuggests that it candissociateR-loopsandD-loops.
As discussed below, such an activity could be responsible for the
loss of the EE episome, when the RECG1 allele is reintroduced by
backcross. Finally, bacterial RecG can convert three-way to four-
way DNA junctions, an ability that has mainly been associated with
the rescue of stalled replication forks and the bypass of blocking

Figure 9. The Variegation Phenotypes Result from Reduced Transmission and Expression of the ATP1 Gene.

(A)Correlationbetweenvariegationphenotypesand reduction inATP1copynumber inF1plants. The results are themeansandSD fromfiveplants analyzed.
The results obtained for a variegated leaf (V) and a normal leaf (N) from plant F1-51 are shown.
(B)As in (A), but for the abundance of theATP1 transcript, comparedwith twoothermtDNA-encodedgenes. TwodifferentATP1 sequences from the59 and
39 parts of the gene were tested.
(C) Immunodetection and relative quantification of the ATP1 protein (@ATP1), showing a correlation between the affected phenotype of plant F1-55 and
a reduced steady state level of ATP1 versus the wild type and recG1-2. The Coomassie blue staining of the membrane is shown as loading control. The
arrowhead indicates the protein migrating at the expected size of 55 kD.
(D) Measure of the KCN-sensitive oxygen consumption in 3-week-old normal or variegated leaves.
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lesions (McGlynn and Lloyd, 2000; McGlynn et al., 2001). Whether
RECG1 is involved in the rescue of stalled forks during replication of
the organellar genomes remains to be established but would have
implications discussed below.

Roles of RECG1 in Controlling Proper Homologous
Recombination in Plant Organelles

We observed that Arabidopsis recG1 mutants display several
distinct molecular phenotypes. First, under unrestricted growth
conditions, they accumulate mtDNA sequences generated by
ectopic HR, inwhich IRs are used as loci of strand invasion (Figure
5). In wild-type plants, these ectopic recombination events are
tightly suppressed. This same molecular phenotype has been
observed in several other mutants, affected in the expression of
unrelated proteins, including the RecA-like mitochondrial re-
combinases RECA2 and RECA3, the single-stranded DNA binding
proteinOSB1, and theMutS-like proteinMSH1 (Zaegel et al., 2006;
Arrieta-Montiel et al., 2009; Shedge et al., 2010; Miller-Messmer

et al., 2012). This implies that these proteins participate in
similar pathways of recombination and that when these path-
ways are compromised, there is activation of error-prone re-
combination activities that are normally repressed. These are
most likely break-induced replication-related activities that
result in increased ectopic recombination due to the repeat-
rich mitochondrial genome of plants (Christensen, 2013). The
pathways of recombination that are compromised in mutants
of these proteins are RecA-dependent, since loss of either
RECA2 or RECA3 also leads to the samemolecular phenotype
(Miller-Messmer et al., 2012).
Second, the recG1mutantsaremoresensitive toCIP treatment,

which induces DSBs in the organellar genomes (Figure 4). In-
duction of HR-dependent mtDNA repair in wild-type plants also
results in increased mobilization of IRs as possible sites of strand
invasion. This effect is reduced in recG1 plants, as it is in other
mutants impaired in mtDNA repair by recombination (Janicka
et al., 2012; Miller-Messmer et al., 2012). Therefore, it seems that
the induction of DSBs by CIP treatment in wild-type lines

Figure 10. Genomic Shift Results in a New mtDNA Genome.

(A) and (B) DNA gel blot hybridizations (A) supporting the model (B) proposed to explain how F1-shifted plants inherited a new mtDNA configuration by
reintegration of the EE-2/1 subgenome into a new genomic locus of the main mtDNA, via recombination involving repeats T-1/1 and T-2/2. The asterisk
indicates the EE-2/1 replisome visible in uncut DNA of homozygous recG1-2 and lost in shifted F1 plants. The arrowheads indicate hybridizing restriction
fragmentswith a color code corresponding to the fragments represented in the explaining scheme.SpeI (S) andNcoI (N) sites are indicated. The thick black
lines labeled 1, 2, and 3 indicate the sequences used as probes.
(C) Relative qPCR quantification of the parental configurations (T-1/1 and T2/2) of mitochondrial repeat T and of the corresponding crossover products
(T-1/2 and T-2/1) in recG1-2 and F1 shifted plants, as outlined in Figure 4C.
(D) Relative qPCR analysis of the EE sequences in the F2 progeny of F1-shifted plants. The genotype regarding the recG1-2 mutation is indicated.
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phenocopies the effect of mutations that induce ectopic re-
combination in regular growth conditions. It suggests that the effect
of such mutations is an overall increase in mtDNA breaks that is
mimicked by the genotoxic treatments. The increase could result
from the inability to repair DNA lesions by break-avoiding pathways.

These pathways could be involved in the recovery of blocked
replication forks. In organelles, the main threats to DNA integrity
are modified bases and cross-links that are frequently generated
in the oxidative environment of mitochondria and chloroplasts.
Such lesionscanblockDNApolymeraseprogression, challenging
the duplication of the organellar genomes. If the stalled forks
cannot be rescued, by repair or bypass of the blocking lesion, the
replisomemight dissociate, resulting in fork collapse. FurtherDNA
synthesis will then require recombination to restart replication
(Supplemental Figure 6). It is probable that RECG1, like bacterial
RecG, promotes fork regression to bypass unrepaired replication
blocks. Other factors whosemutations result in increased ectopic
recombination might also be required for efficient replication repair
and restart of stalled replication forks, avoiding fork collapse.
Conversely, failure to recover stalled forks in recG1or othermutants
would result in DNA breaks. The broken DNA ends would then be
recovered for replication restartby recombinationthroughthebreak-
induced replication pathway, which is error-prone and can give rise
to gross rearrangements, copy number variations, and loss of se-
quence synteny if it occurs in the context of repeated sequences
(Saini et al., 2013). This scenario can explain both the increase in
ectopic recombination in recG1 and other mutants and the phe-
nocopyofmutationeffectsbydrugs that induceDSBs,asdiscussed
above. RecA-like proteins also promote replication fork reversal, in
particular in the presence of single-strand gaps that result from the
blockingof laggingstrandprogression(Robuetal.,2004;Cox,2007).
Contrarily, RecG should preferentially target forks blocked on the
leading strand (Supplemental Figure 6). In the context of plant or-
ganelles, complementary and partially redundant functions of RecA
proteinsandRECG1 in the rescueof stalled replicationcouldexplain
why (1) the single recG1 mutation has a mild effect on organellar
genomemaintenance anddoesnot impair normal plant growth, and
(2) the double mutation recG1-1 recA3-2 has a synergistic effect on
the stoichiometric replication of the Arabidopsis mtDNA.

Finally, our results also suggest that RECG1 is able to displace
D-loops and R-loops, an activity that allows bacterial RecG to se-
lectively support recombination at locations with extensive DNA
sequence homology (Vincent et al., 1996; Fukuoh et al., 1997). In-
deed, itwasshown inbacteria that recombinationbetweencorrectly
aligned sister sequences involves an unstable intermediate that is
stabilized by RecG-dependent branch migration, which converts
three-way to four-way DNA junctions (Mawer and Leach, 2014). It
can thus be speculated that branch migration of D-loops catalyzed
by RECG1 might help to discriminate between regions of limited or
extensive sequence identity for strand invasion in plant mitochon-
dria, preventing undesirable genomic rearrangements. The loss of
RECG1 would in turn result in increased ectopic recombination.

No Significant Effect of RECG1 in the Maintenance of the
cpDNA in Arabidopsis

RECG1 is apparently dually targeted to mitochondria and
chloroplasts, as shown through both transient and constitutive

expression of a GFP fusion protein in plants. The RECG1 pro-
moter-GUS fusion results also showed important gene activity in
photosynthetic tissues. It was therefore expected that RECG1
would exert the same functions in both organelles and affect the
maintenance of both the mtDNA and the cpDNA. However, in
recG1 knockdown and knockout plants, we have not seen any
significant effects on the copy number of the cpDNA, on the
stoichiometry of the cpDNA regions, or on the surveillance of
recombination mobilizing repeated sequences. These observa-
tions contrast with recently published results on the P. patens
ortholog of RECG1, which is also dually targeted to both organ-
elles and whose deletion caused an increase in recombi-
nation mobilizing mtDNA IRs of 47 to 79 bp, but also cpDNA
IRs of 48 to 63 bp (Odahara et al., 2015). There are several possible
explanations for these functional differences. First, it cannot be
excluded that overexpression under the strong 35S promoter
results inmistargeting of theGFP fusion protein into chloroplasts.
Second, it hasalreadybeenseenwithdually targetedproteins that
one location can be favored versus the other (Carrie and Whelan,
2013). That seems to be the case for Arabidopsis RECA2,which is
dually targeted but appeared to affect only themaintenance of the
mtDNA (Shedge et al., 2007; Miller-Messmer et al., 2012). Third,
the organellar recombination machineries of P. patens and
Arabidopsis show further differences, and not all intervening factors
are shared between the two species. For instance, RECA3 and
WHY proteins, which are important for organellar HR-dependent
repair in Arabidopsis, are not found in P. patens. Finally, it is
possible that the effects of RECG1 on the maintenance of the
Arabidopsis cpDNA are not visible: Long IRs of more than 100 bp
of perfect identity, which are fairly abundant in the Arabidopsis
mtDNAandare themajor sitesof ectopicHR, arenotpresent in the
cpDNA. Thechloroplast repeated sequenceR2 thatwemonitored
is a 76-bp imperfect repeat with five mismatches, whose two
copies only share a stretch of 32 bp of perfect identity. It is
therefore unlikely to constitute an efficient substrate for HR. In
Arabidopsis mitochondria, efficient mobilization of such small
repeats for recombination has not been observed (Davila et al.,
2011). On the contrary, mitochondrial and chloroplastic repeated
sequences that areactive in ectopicHR inP.patensareessentially
small (Odahara et al., 2009, 2015), definitely reflecting differences
between the organellar recombination machineries of the two
species. In this context, it might be noted that recombinational
activities that reshufflemtDNAgenearrangements only camewith
theonsetof spermatophytes (Knoop,2013). Finally, inCIP-treated
wild-type plants we have seen that recombination involving R2 is
significantly increased, indicating that this repeatcanbeefficiently
mobilizedduringHR-dependent repair of cpDNADSBs.However,
the absence of RECG1 in mutant plants does not significantly
affect this mobilization, suggesting that it is mediated by other
factors.

Multiple Mitotypes in recG1 Plants

In this study, we observed that in recG1-2 plants the increased
ectopic recombination produced an episome that apparently
could replicate autonomously, resulting in the generation of two
alternative genomes differing in a single locus. In the recG1-2
background, there is a stable coexistence of these alternative
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mitotypes, at least for two plant generations. It is not clear why
additional autonomous subgenomes were not created in the
mutant. One possible reason is that EE repeats are the IRs closest
to each other in the mtDNA and that recombination involving
repeats far apart ismuch lessefficient. Thesmall sizeof theEE-2/1
episome should also support a faster replication rate. How rep-
lication of the EE-2/1 episome initiates is not known, but the
presence of the very actively transcribed ATP1 gene might help,
eitherby locallymelting theDNAand facilitatingstrand invasion for
recombination-dependent replication or by providing RNA pri-
mers for replication initiation. In recG1-1 recA3-2 plants, we
observed additional changes in the stoichiometry of several
mtDNA regions, not occurring in single mutants and explainable
by similar processes of recombination involving directly oriented
IRs and independent replication of the resulting products. This
synergistic effect of the recG1-1 hypomorphic mutation and the
recA3 knockoutmutation implies that the twogenesact inpartially
redundant pathways that control the correct stoichiometric
transmission of the mtDNA. Independent and preferential repli-
cation explains how these sequences that are generated in
somatic tissues at relatively low frequencies can become
predominant. While qPCR data show that virtually all pairs of IRs
are targets of increased ectopic recombination, only a fewof them
promote significant changes in the copynumber of the sequences
comprised between the repeats. These might be the few re-
combination products that are able to replicate and segregate
autonomously.

A Model for mtDNA Segregation and Stoichiometric Shifting

The alternative mitotypes discussed above segregated in the F1
plants of the recG1-2 backcross, after reintroduction of the
RECG1 allele. The analysis of these events allowed us to un-
derstand characteristics of stoichiometric shifting and generation
of a new stable mtDNA structure compatible with normal plant
development. We could also directly link phenotypes of leaf
distortion and variegation to a reduced expression of a gene
essential for oxidative phosphorylation. The subpopulation of
F1 plants that we classified as variegated developed specific
developmental phenotypes that also occur in several other
Arabidopsis mutants impaired in mitochondrial recombination
functions (Sakamoto et al., 1996; Zaegel et al., 2006; Arrieta-
Montiel et al., 2009). As we observed, these phenotypes are also
widespread in recG1-1 recA3-2 plants. In mutant and double
mutant plants that have been previously described, the pene-
trance and severity of phenotypes correlated with increased
mtDNA rearrangements by recombination. However, given the
variability and extension of the mtDNA changes in those plants, it
has not been possible to directly link phenotypes to specific
changes in organellar gene expression. On the contrary, in the
variegated F1 plants, the phenotypes clearly correlated with the
loss of the ATP1 gene and the reduction of the corresponding
transcript. This should result in a significant decrease in ATP1
protein and oxidative phosphorylation. Thus, we show here that
the likely explanation for these phenotypes is the loss of mtDNA
regions coding for genes essential to OXPHOS functions. The
clonal tissue distribution, with regions that are more or less af-
fected depending on the differential inheritance of the deleted

mtDNA, recalls what has been observed in NCS (non-
chromosomal stripe) maize (Zea mays) mutants (Gu et al., 1993).
In the recG1-2 F1 plants, there was a segregation of mtDNA

mitotypes thatwas not observed in homozygous recG1-2, at least
up to generation T5. Therefore, it seems that sorting of the al-
ternative mitotypes coexisting in recG1-2 was not possible in the
absence of the RECG1 allele. In almost all segregating F1 plants,
the sorting of the alternative mitotypes correlated with a highly
reducedcopynumber of theEE-2/1 episome, either becauseof its
loss in revertants or because of its integration into the mtDNA by
secondary recombination in the shifted plants. This suggests that
sorting was contingent on the ability of mitochondria to lose the
EE-2/1 episome, in a RECG1-dependent manner. That could be
becauseofmultiple reasons. Theability ofRECG1 todissociateD-
loops or R-loops could explain how its reintroduction by back-
cross suppresses the replication of the episome. As we have
shown, expression of RECG1 in bacteria is able to repress the
copy number of ColE1-dependent plasmids, which require an
RNA primer for replication initiation. Indeed, one of the possible
functions of RECG1 in mitochondria could be to suppress repli-
cationof aberrantmtDNAsequences, if theprocess involvesanR-
or D-loop. Another possible explanation is that the EE episome
might be catenatedwith themainmtDNAmolecules, fromwhich it
cannot dissociate during replication in the absence of RECG1. As
we have seen, a major part of the EE-2/1 sequence in recG1-2
comigrates with high molecular weight DNA. It can be hypothe-
sized that these sequences would correspond to duplications in
the main mtDNA genome. However, in that case, we would not
expect to see a reduction of the EE-1/1 and EE-2/2 sequences
compared with the neighboring mtDNA regions, as it was ob-
served (Figures 5A and 6B). A possible catenation of the EE-2/1
episomebetter explains these results. Therefore, it is possible that
RECG1 cooperates in the decatenation of the DNA, as it has al-
ready been described for other helicases (Ramamoorthy et al.,
2012).
Finally, our backcross experiments generated shifted plants

with a stable rearrangedmtDNA, differing from the originalmtDNA
by the transposition of a specific sequence to a different locus.
This study gave us a comprehensive scenario of how the mtDNA
can rapidly evolve by stoichiometric shifting, in two steps (Figure
9B). First, recombination involvingdirectly oriented IRsengenders
subgenomes whose copy number significantly increases by au-
tonomous replication. In a second step, the high copy number
reached by these subgenomes favors additional recombination
events that permit their reintegration into a different locus of the
main genome, changing the structural organization of the mtDNA
sequences. FactorssuchasRECG1modulatesuchprocesses, by
controlling the recombination frequency and the replication of
subgenomes.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana T-DNA insertion lines recG1-1 (WiscDsLox485-
488E5) and recG1-2 (FLAG_630A09) were obtained from the Nottingham
Arabidopsis Stock Centre and from the Versailles Arabidopsis Stock
Centre, respectively. Plants were grown on soil or in vitro at 23°C under
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a16-h light photoperiod. For in vitro cultures, surface-sterilized seedswere
sown on agar plates containing MS255 (Duchefa) supplemented with 1%
(w/v) sucrose and stratified during 3 d at 4°C.

Phylogenetic Analysis

Bacterial and plant sequences were identified in the databases using the
Escherichia coli RecG sequence as query. An alignment was constructed
with ClustalW implemented in the MacVector package using the GonneT
matrix. Phylogenetic trees were built with the PhyML v3.1 online software
(www.phylogeny.fr; Dereeper et al., 2008) using the neighbor-joining
method implemented in the BioNJ program and 100 bootstrap support.
Graphical representations were performed with TreeDyn (v198.3).

E. coli Complementation Assays

The E. coli DH5a strain was used for routine cloning, whereas the JM103
(recG+ and ruvA+), JM103 recG::kan (DrecG), and JM103 ruvA::Tc (ΔruvA)
strains were used for complementation assays. TheRECG1 cDNAwithout
targeting sequence (codons 58 to 957) was synthesized (http://www.
genecust.com) and transferred into the PacI and AscI restriction sites of
pACYClaczunder thecontrol of the isopropylb-D-1-thiogalactopyranoside
(IPTG)-inducible lac promoter. (Miller-Messmer et al., 2012). Codons were
adapted to tRNA frequency in bacteria. The resulting construct was in-
troduced in ΔrecG and ΔruvA strains, and complementation results were
compared with wild-type and mutant strains transformed with the empty
pACYClacz vector. Induced expression of the recombinant protein was
monitoredwith a polyclonal antibody directed against RECG1. To raise the
antibody, the sequence corresponding to the last 260 C-terminal amino
acidsofArabidopsisRECG1wascloned into thep0GWAexpressionvector
(Busso et al., 2005). The recombinant protein containing a C-terminal His-
tag was expressed in the Rosetta(DE3)pLysS E. coli strain (Novagen),
purified under denaturing conditions on Ni-NTA agarose (Qiagen), and
injected into rabbits.

For DNA repair assays, 5 mL of Lysogeny broth supplemented with 1%
(w/v) glucose and 10 µg/mL chloramphenicol was inoculated with 25 mL of
overnight cultures and bacteria were grown at 37°C. Expression of RECG1
was inducedatA650=0.2by theadditionof0.25mMIPTGandbacteria further
grown till A650 = 0.4. Appropriate dilutions were spread on Lysogeny broth
plates in triplicate and exposed to different UV-C doses (checked with an UV
radiometer) before incubation at 37°C in the dark. The colony-forming units
were counted and survival was calculated relative to the minus UV control.

For the overreplication complementation assays, cultures were grown to
A650 = 1.2, diluted 400-fold with chloramphenicol-containing medium plus
0.25 mM IPTG, and further grown at 37°C. Samples at exponential growth
were taken atA650 = 0.4 andA650 = 1.0 (;3 and 4 hafter inoculation). Samples
at thestationaryphasewere takenseveralhoursafter theA650wasstable.DNA
wasextractedwith theGeneEluteBacteriakit (Sigma-Aldrich),andthe relative
copynumbersof thesequencescorresponding toOriC,TerA,TerB, and to the
YdcRgene (locatedequidistantlybetweenTerAandTerB)weredeterminedby
qPCR. Results were normalized against the mean of TerA and TerB. When
analyzing theeffect ofRECG1expressionon the replication of the pBAD/Thio
(Invitrogen) and pUC19 (NEB) plasmids, the relative plasmid copy numbers
between exponentially growing cultures and saturated precultures were
compared, and results were normalized against the TerA sequence.

Intracellular Localization and RECG1 Promoter-GUS Fusion

For in vivo intracellular localization, the sequence encoding theN terminus of
RECG1 up to the region conserved in all RecG sequences (the first 208
codons) was cloned into the pCK-GFP3 vector, upstream and in frame with
theGFP coding sequence, under the control of the CaMV 35Spromoter, and
young leavesofNicotianabenthamianawere transfectedbybombardmentas
described before (Vermel et al., 2002). The pCKmRFP plasmid (Vermel et al.,

2002) was cotransfected as an internal mitochondrial marker. After 24 h, the
fluorescence of GFP and chlorophyll was observed at 505 to 540 nm and
beyond 650 nm, respectively, after excitation at 488 nm on a Zeiss LSM700
confocal microscope. The DsRED fluorescence was excited at 555 nm and
observed at 560 to 615 nm. For constitutive expression in Arabidopsis, the
expressing cassette was transferred from pCK-GFP3 into the AscI and PacI
restriction sites of pBINPlus (van Engelen et al., 1995), and Arabidopsis
Col-0 plants were transformed by the floral dip method. Leaves of selected
transformantswereobservedat theconfocalmicroscopeatdifferentstagesof
development. For promoter-GUS histochemical analysis, the 59 upstream
region of RECG1 (595 nucleotides, starting just after the upstream gene and
comprising 161 nucleotides of RECG1 59-UTR) was cloned upstream of the
GUSgene in thebinary vectorpMDC162 (Curtis andGrossniklaus,2003), and
theconstructwasusedtogeneratestableArabidopsis transformants.Tissues
from six independent lines were stained with 5-bromo-4-chloro-3-indolyl-
b-glucuronic acid (X-Gluc; Biosynth) as described (Zaegel et al., 2006) and
observed by stereomicroscopy and transmission microscopy.

DNA Gel Blots, Genotoxic Stress Treatments, and Immunoblots

Genomic DNA was extracted using the cetyltrimethylammonium bromide
method (Murray and Thompson, 1980). Plant genotypes were determined
byPCRusinggene- andT-DNA-specificprimers. Total RNAwasextracted
with TRIzol (Life Technologies). For genotoxic stress assays, seeds were
surface sterilized and spread onMS255 1% sucrose plates supplemented
with different concentrations of ciprofloxacin (Sigma-Aldrich). Pools of 10
plants were harvested at 10 d, and total DNA was extracted for further
analysis. For immunoblots, total leaf proteins were extracted in the
presence of 2% (w/v) SDS and 4 M urea and precipitated with methanol-
chloroform before SDS-PAGE fractionation and transfer to Immobilon-P
membranes. The ATP1 protein was detected with an antiserum raised
against the a-subunit of the mitochondrial ATP synthase from yeast.
Chemiluminescence was quantified with a Fusion-FX7 camera system
(Vilber Lourmat). Respiration capacity was measured in an Oxygraph
oxygen electrode (Hansatech Instruments) in young 3-week-old leaves.
The rates of oxygen consumption weremeasured after tissue addition and
subtracted from the rates after addition of KCN.

qPCR Analysis

qPCRassayswereperformed in a LightCycler480 (Roche), in 6mLof reaction
containing13LightCycler480SYBRGreenIMasterMix (Roche)and0.5µMof
each primer. The thermocycling programwas as follows: a 7-min denaturing
stepat95°C, then40cyclesof10sat95°C,15sat58°C,and15sat72°C.The
second derivative maximum method was used to determine Cp values, and
PCR efficiencies were determined from DNA serial dilution curves or using
LinRegPCR software (http://LinRegPCR.nl). Three technical replicates were
performed for each experiment. The numbers of biological replicates are
indicated in the figures. To measure the accumulation of ectopic re-
combination in mtDNA and cpDNA, primers flanking each repeat were used,
as described in Figure 4C. The COX2 (AtMG00160) and 18S rRNA
(AtMG01390) mitochondrial genes and the 16S rRNA (AtCG00920) chloro-
plast gene were used for normalization. For quantification of mtDNA and
cpDNAcopynumbers, a set of primers located along theorganellar genomes
was used, and results were normalized against theUBQ10 (At4G05320) and
ACT1 (At2G37620) nuclear genes. For RT-qPCR experiments, the GAPDH
(At1G13440) and ACT2 (At3G18780) transcripts were used as standards.

Modeling of the RECG1 Structure

Plant RECG1 sequences were aligned using ClustalX (Thompson et al.,
1997). The Arabidopsis RECG1 sequence was modeled on the structure
of Thermotoga maritima RecG bound to a three-way DNA junction
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(pdb1GM5), using Modeler (Sali and Blundell, 1993; http://salilab.org/
modeller/about_modeller.html). The score and E-value between the two
sequences is 370 and7e-114, respectively. Three insertions found in all plant
RECG1sequences have no equivalents in bacterial sequences andcould not
be modeled accurately. No constraints were imposed and these additional
sequences were displayed as loops and hand-edited to adjust to figure size.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: RECG1, At2g01440; RECA3, At3g10140; and ATP1,
AtMg01190. Accession numbers of the sequences used for phylogenetic
analysis are given in Supplemental Data Set 1.

Supplemental Data

Supplemental Figure 1. Phylogenetic tree of RecG proteins.

Supplemental Figure 2. Alignment of plant RECG1 protein sequen-
ces.

Supplemental Figure 3. Analysis of representative intermediate size
repeats in accessions Col-0 and Ws.

Supplemental Figure 4. Scanning of the cpDNA of recG1 mutants for
changes in relative copy numbers of the different cpDNA regions.

Supplemental Figure 5. Activities catalyzed by bacterial RecG in
genome maintenance.

Supplemental Figure 6. Recovery of blocked replication forks by
RecG and RecA complementary functions.

Supplemental Table 1. Oligonucleotide primers.

Supplemental Data Set 1. Text file of alignment used for phylogenetic
analysis.
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